Objective: Omentin-1 is a novel adipokine that increases insulin sensitivity and is expressed in visceral adipose tissue. The aim of this study was to determine the metabolic parameters that influence plasma omentin-1 levels in women with polycystic ovary syndrome (PCOS). Design and methods: A cross-sectional study was performed in 87 women with PCOS and 53 body mass index (BMI)-matched healthy controls including 39 non-obese, normal-weight (NW) PCOS women with normal glucose tolerance (NGT) and 44 BMI-and homeostasis model assessment (HOMA)matched controls. Indices of insulin sensitivity, metabolic variables, circulating androgen levels, serum adiponectin, and omentin-1 levels were measured. A 75 g oral glucose tolerance test was performed in all participants. Results: Plasma omentin-1 levels were significantly lower in women with PCOS compared with those in BMI-matched controls (P!0.001). A significantly lower level of plasma omentin-1 was observed in non-obese women with PCOS and NGT compared with that in BMI-and HOMA-matched controls (P!0.001). Omentin-1 level was negatively correlated with BMI, indices of insulin sensitivity, and circulating androgens and was associated with greater 2 h postprandial glucose, C-peptide, and insulin levels compared with fasting values. Within the NW and NGT groups, omentin-1 levels remained negatively correlated with BMI, 2 h postprandial C-peptide, and circulating androgens and demonstrated a negative linear trend according to quartile of free testosterone (PZ0.028). Conclusions: Plasma levels of omentin-1 were reduced in non-obese women with PCOS and NGT. Postprandial hyperinsulinemia and hyperglycemia contributed more to lower omentin-1 levels than did fasting values in the setting of PCOS. Increased androgen levels contributed to decreased omentin-1 levels in women with PCOS.
Introduction
Polycystic ovary syndrome (PCOS), a common endocrine-metabolic reproductive disorder affecting w6-10% of reproductive aged women, is characterized by irregular menses (IM) and hyperandrogenism (HA) (1, 2) . It is frequently associated with multiple risk factors for cardiovascular diseases (CVDs), such as insulin resistance (IR), the development of compensatory hyperinsulinemia, impaired glucose regulation (IGR), dyslipidemia, and visceral obesity (3) (4) (5) (6) (7) (8) . IR in PCOS is due in part to the high prevalence of obesity in those with the disorder. Nonetheless, w40% of women with PCOS, even in the United States, are not obese (1) . Though controversy still exists regarding whether IR results from PCOS or from the concurrent obesity (9) , it is possible that adipose tissue dysfunction may play a role in the observed IR and, consequently, to the metabolic and cardiovascular consequences of the disorder. Evidence exists for altered adipocyte function in PCOS, with studies reporting altered secretion of adipokines, such as adiponectin (10) .
Adipose tissue is an endocrine organ that has widespread effects on carbohydrate and lipid metabolism. Furthermore, it is apparent that accumulation of visceral adipose tissue poses a greater cardiometabolic risk than does subcutaneous adipose tissue (11) , as removal of visceral but not subcutaneous adipose tissue has been demonstrated to improve insulin sensitivity (12) . Omentin-1 is a novel fat depot-specific adipokine that was identified from a cDNA library of visceral omental adipose tissue by Yang et al. (13) and is preferentially produced by visceral adipose tissue compared with subcutaneous adipose tissue. In vitro experiments have revealed that treatment with recombinant omentin-1 enhanced insulin-stimulated glucose uptake in human subcutaneous and omental adipocytes, triggering Akt signaling in both the absence and the presence of insulin (13) . Furthermore, plasma omentin-1 level was inversely correlated with obesity and IR (14) .
PCOS is known as a pre-diabetic state and is associated with a higher prevalence of obesity. However, Asian women with PCOS are less likely to have metabolic dysfunction, IR, and obesity compared with Caucasian women with PCOS (15) (16) (17) . There is little data on omentin levels within the context of PCOS (18, 19) . To our knowledge, no prior studies have addressed omentin levels in non-obese women with PCOS and normal glucose tolerance (NGT).
In this study, we measured plasma omentin-1 levels in Korean women with PCOS and compared them with those of body mass index (BMI)-matched controls to evaluate their relationship, as well as their correlations with BMI, IR, and androgen secretion. This study also investigated contributing factors, other than BMI and IR, to the regulation of plasma omentin-1 in women with PCOS. To explore potential contributing factors, plasma omentin-1 levels in a second cohort of nonobese women with PCOS and NGT were compared with those of a control group matched for BMI, IR stratification according to BMI, glucose metabolism status, and free testosterone.
Subjects and methods

Study population
In total 140 premenopausal Korean women with (nZ87) and without (nZ53) PCOS were recruited from the Endocrinology and Gynecology Clinics in the Kangbuk Samsung Hospital, Seoul, Korea. Control subjects were healthy volunteers recruited through advertisements within the hospital. PCOS was defined as the presence of at least two of the following three symptoms, after exclusion of other etiologies, such as, congenital adrenal hyperplasias, androgen-secreting tumors, Cushing's syndrome, according to the Rotterdam criteria (2): i) oligo-and/or anovulation, ii) clinical and/or biochemical signs of HA, and iii) polycystic ovaries present during transvaginal ultrasound examination. Clinical HA was defined by a modified Ferriman and Gallwey score of more than eight (20) , and biochemical HA was defined as an elevation of serum testosterone levels above 97.5 percentile limits, which is O0.6 ng/ml for total testosterone level and 2.07 ng/ml for free testosterone level. When the subjects with PCOS were divided into four subgroups, the proportions in the individual groups are as follows (15) : i) the IM/HA/PCO group (nZ43, 491%), ii) the IM/PCO group (nZ34, 39.6%), iii) the IM/HA group (nZ9, 9.8%), and iv) the HA/PCS group nZ1, 1.5%). Also, the presence of other endocrinopathies that could have potentially caused these phenotypes was ruled out. Control subjects were women with regular menstrual cycles that had no evidence of hirsutism, acne, alopecia, or endocrine dysfunction. Exclusion criteria for the study included age O40 years, known CVD, thyroid disease, neoplasms, current tobacco use, hypertension (blood pressure (BP) of 140/90 mmHg or greater), and renal impairment (serum creatinine O120 mmol/l). No study subjects had taken any medications for at least 6 months prior to the study, including oral contraceptives, glucocorticoids, ovulation induction agents, anti-obesity drugs, estrogenic, anti-androgenic, or antihypertensive medications. The exclusion of other disorders with similar clinical symptoms was done by performing appropriate tests. The same exclusion criteria applied to both cases and controls. The study protocol was approved by the Ethics Committee of Kangbuk Samsung Hospital, Sungkyunkwan University. All participants provided written informed consent for participation.
To determine the influence of PCOS on omentin-1 level at different stages of obesity, we subdivided both PCOS and controls into three groups according to the International Obesity Task Force (IOTF) and BMI thresholds for obesity in adult Asians as proposed by the WHO (21) . Women with PCOS were subdivided into a lean group, BMI !18.5 kg/m 2 (nZ17), a normal weight group (NW), BMI O18.5 and !23 kg/m 2 (nZ50), and an overweight and obese group, BMI R23 kg/m 2 (nZ20). The control group contained eight women with BMI !18.5 kg/m 2 , 41 women with a BMI between 18.5 and 23 kg/m 2 , and four women with BMI R23 kg/m 2 . In addition, subjects in both the PCOS and the control groups were also stratified into two subgroups according to glucose metabolism status as assessed by a 75 g oral glucose tolerance test (OGTT) (22) . In the PCOS group, 44 subjects had normal glucose regulation (NGR) and 43 subjects had IGR, including impaired fasting glucose (IFG), impaired glucose tolerance (IGT), and newly diagnosed, and as yet untreated type 2 diabetes mellitus. In the control group, 47 subjects had NGR and six subjects had IGR, including IFG and IGT. A second nested case-control cohort of nonobese (BMI !23 kg/m 2 ) women with NGT was formed among the original study population, in which a subset of 83 subjects was matched in a case-control manner for BMI, homeostasis model assessment-IR (HOMA-IR) index, composed of 39 PCOS and 44 control subjects.
Clinical and biochemical measurements
Clinical variables such as weight, height, and BP were assessed in all subjects using standard protocols during outpatient visit to the hospital. The BMI was calculated as weight divided by the square of height (kg/m 2 ). Subjects presenting to the Gynecology Clinics following an 8-12 h overnight fast underwent fasting baseline laboratory tests and a 75 g OGTT. Plasma glucose, C-peptide, and insulin levels were measured following fasting and 2 h after oral glucose load. Fasting blood samples were obtained for analysis of plasma hormones, 790 J-H Choi and others EUROPEAN JOURNAL OF ENDOCRINOLOGY (2011) 165 www.eje-online.org fatty acids, and adipokines. The hexokinase method was used to measure glucose levels, and an enzymatic colorimetric test was used to measure the total cholesterol, triglyceride (TG), high-density lipoprotein cholesterol (HDL-cholesterol), and low-density lipoprotein cholesterol (LDL-cholesterol) levels. Insulin was measured using an IRMA (Biosource, Nivelles, Belgium). C-peptide was measured using a RIA method with a commercial kit (BioSource, Europe S.A.). The HOMA-IR was derived from calculations according to the following formula: fasting insulin (mU/ml)!fasting glucose (mmol/l)/22.5 (23) . High sensitivity C-reactive protein levels were measured using immunonephelometry (Dade Behering Co., Marburg, Germany).
Measurement of plasma hormones and adipokines
Women with PCOS and control subjects were evaluated for serum total testosterone, free testosterone, 17-OH-progesterone, DHEA-sulphate, and sex hormone-binding globulin (SHBG) using RIA methods (Siemens, Los Angeles, CA, USA). The free androgen index (FAI) was calculated as total testosterone/SHBG!100. The plasma levels of omentin-1 (BioVendor, Candler, NC, USA) and adiponectin (R&D Systems, Minneapolis, MN, USA) were measured using commercially available ELISA according to the manufacturer's protocols. In all hormonal assays, intra-and inter-assay coefficients of variation (CV) for all analytes were !10%.
Statistical analyses
Data were analyzed using SPSS Software (Version 17, SPSS, Inc., Chicago, IL, USA). All data are presented as meanGS.D., mean (S.E.M.), or median with interquartile range. The distribution of continuous variables was evaluated with log transformations as required. Differences between two groups were assessed using Student's t-test or the Mann-Whitney U test. Data involving more than two groups were assessed using one-way ANOVA with the Tukey's post hoc analysis. Omentin-1 levels were compared using analysis of covariance (ANCOVA) to correct for age, BMI, and HOMA-IR. Spearman's rank correlation test was used for calculation of associations between variables. Logistic regression analysis was performed to determine the best model to predict development of PCOS. A P value !0.05 was considered statistically significant.
Results
Women with PCOS had reduced omentin-1 levels Table 1 includes the anthropometric, biochemical, and hormonal data for the women with PCOS and the normal controls. There were no significant differences in BMI between subjects with PCOS and controls (PZ0.124), despite the control group being slightly older than the PCOS group. Women with PCOS had higher glucose, C-peptide, HOMA-IR, TG, HDL-cholesterol, and insulin levels (in both the fasting state and 2 h following an OGTT) compared with those of the BMImatched control group (P!0.05). Although fasting insulin levels tended to be higher in women with PCOS than they were in the controls, this difference was not significant (PZ0.057).
Women with PCOS had higher testosterone and FAI levels with lower SHBG levels compared with those of the controls (P!0.001). ELISA analysis of plasma omentin-1 levels revealed that women with PCOS had significantly lower omentin-1 levels compared with those of BMI-matched control subjects (P!0.001; Table 1 , Fig. 1A ). Although adiponectin levels tended to be lower in women with PCOS than they were in the controls, these differences were not significant ( Table 1) .
As part of the study design, the subjects in the second cohort were non-obese women with NGT, consisting of 39 women with PCOS and 44 controls matched for BMI and HOMA-IR selected from the original study cohort. Plasma insulin and C-peptide 2 h following glucose loading remained higher in the PCOS group in the second cohort (P!0.01). Androgen levels were also higher in women with PCOS (PZ0.001), whereas there were no differences in fasting insulin, glucose, or TG levels. Women with PCOS continued to demonstrate lower omentin-1 levels compared with those of the controls (P!0.001; Table 1 , Fig. 1B ).
Omentin-1 levels in groups stratified according to BMI and glucose tolerance status After dividing the subjects according to established BMI categories, the PCOS group demonstrated gradually decreasing plasma omentin-1 levels within the stratified BMI groups for all obesity levels compared with those in the control subjects (BMI !18.5 kg/m 2 , P!0.001; 18.5-23 kg/m 2 , PZ0.001; and R23 kg/m 2 , PZ0.002). However, after adjusting for age and HOMA-IR, significant differences remained only in the lean and NW groups (PZ0.001; Fig. 2A ). In both the control and the PCOS groups, increasing BMI level was associated with decreasing plasma omentin-1 level (PZ0.017 and PZ0.023 respectively).
When stratified according to glucose tolerance status, the observed differences in omentin-1 level between the PCOS and the control groups remained significant in the NGR subgroup both before and after controlling for age and BMI (P!0.001; Fig. 2B ). However, there were no differences in omentin-1 level between the PCOS and the control subjects in the IGR group (Fig. 2B) . In control subjects, the IGR subgroup had significantly lower omentin-1 levels than did the NGR subgroup (PZ0.025). There were significant differences in omentin-1 level in the PCOS group according to glucose tolerance status.
Associations of omentin-1 level with clinical/biochemical variables
Bivariate correlation analysis indicated that serum omentin-1 concentration was negatively correlated with BMI, many of the indices of glucose metabolism, IR, and androgen levels and was positively correlated with adiponectin and SHBG levels ( Table 2 ).
In the second cohort of non-obese women with NGT, significant correlations were found between plasma omentin-1 level and BMI (rZK0.288, PZ0.008), 2 h postprandial C-peptide level (rZK0.268, PZ0.022), and androgen levels (free testosterone; rZK0.332, PZ0.002, FAI; rZK0.279, PZ0.018; Table 2 ).
Relationships between variables associated with PCOS and omentin-1 level
To determine contributing factors other than BMI and IR on plasma omentin-1 levels in women with PCOS, separate analyses were performed in a second cohort of non-obese women with NGT. BMI and HOMA-IR were not significantly different between subjects with PCOS and controls in this second cohort; therefore, other factors may contribute to circulating omentin-1 level.
Because androgen levels were higher in women with PCOS compared with those in control subjects and continued to demonstrate significant negative correlations with omentin-1 level in the second cohort subjects (Fig. 3A) , androgen levels were considered to be potential contributors to plasma omentin-1 level. To further investigate this possibility, we stratified subjects of the second cohort into four groups according to quartile of free testosterone. Age, BMI, and HOMA-IR were not significantly different among the four subgroups (data not shown). Mean values of omentin-1 significantly decreased from the lowest to the highest quartile group (PZ0.028; Fig. 3B ). When post hoc analyses were performed among groups, the relationship between plasma omentin-1 level and free testosterone was significantly higher in the lowest quartile group than in the highest quartile group (PZ0.017; Fig. 3B ).
When logistical regression analysis was performed to determine the predictors of PCOS with omentin-1 level, age, HOMA, BMI, and free testosterone included as potential factors, the odds ratios for PCOS were K7.099 (P!0.001) with omentin-1, K0.094 (PZ0.054) with age, 0.699 (PZ0.012) with HOMA-IR, 1.458 (PZ0.001) with free testosterone, and K0.226 (PZ0.051) for BMI (data not shown). 
Discussion
Women with PCOS have multiple risk factors for diabetes and CVD, both of which are considered major long-term health risks (2) . Because PCOS is a heterogeneous disease, diverse mechanisms may be involved in its pathogenesis. In an attempt to further investigate the role of adipokines in PCOS, many researchers have examined the relationships between adipokines and PCOS characteristics, such as adiposity, IR, and androgen levels. These studies have produced conflicting results. Therefore, this study of circulating omentin-1 level was carried out to better understand the regulation and role of omentin-1 in the setting of PCOS.
In agreement with a previous report (18, 19) , this study demonstrated that omentin-1 levels are decreased in women with PCOS compared with those in BMImatched control subjects and that these levels are negatively correlated with BMI, glucose, insulin, and androgen levels. In this study, 2 h postprandial glucose, C-peptide, and insulin levels were more strongly associated with omentin-1 level than were fasting values. Additionally, we report for the first time that significantly lower plasma omentin-1 levels were detected in non-obese women with PCOS and NGT compared with those in BMI-and HOMA-IR-matched control subjects. Moreover, 2 h postprandial C-peptide and androgen levels continued to demonstrate negative correlations with omentin-1 level in the non-obese cohort with NGT, as in the overall study cohort. Tan et al. (18) previously suggested that hyperinsulinemic induction in healthy subjects significantly reduced plasma omentin-1 levels; we suggest that postprandial hyperinsulinemia and hyperglycemia may contribute more to decreased omentin-1 levels in PCOS subjects than do these factors in the fasting state.
Batista et al. (14) reported that plasma omentin-1 levels are decreased in healthy, obese subjects. This finding is in compliance with our study results. Furthermore, reduced omentin-1 levels in the PCOS group were consistently significant, even after controlling for age and HOMA-IR. When omentin-1 levels were compared among groups divided by obesity status, significant differences in omentin-1 between PCOS and control groups disappeared in the overweight/obese group after controlling for age and HOMA. We hypothesize that omentin-1 level in overweight/obese subjects is more influenced by other factors than it is by PCOS and that omentin-1 level is regulated by more complex mechanisms in normoweight/lean subjects.
Omentin is a recently identified polypeptide hormone that is known to increase insulin sensitivity in human adipocytes (13) . In this study, we stratified the subjects into NGR and IGR groups according to glucose metabolism status. As in a previous study (24) , subjects in the IGR subgroup had decreased serum omentin-1 Control PCOS Control PCOS Figure 2 Plasma omentin-1 levels in women with PCOS compared with controls in BMI-stratified analysis (A) and in glucose metabolism status stratified analysis (B). Values represent adjusted meanGS.E.M. Plasma omentin-1 levels were log transformed before analysis. P values between control and PCOS in each obesity status were determined by ANCOVA, controlling age and HOMA (*PZ0.001 and † P!0.001 respectively). Three groups for BMI stratification in both control and PCOS show linear trend (PZ0.019 and PZ0.03 respectively (A)). P values between control and PCOS in each glucose metabolism status are adjusted for age, BMI. *P!0.001 (B). www.eje-online.org levels compared with those in the NGR subgroup in healthy control subjects. Our data are in agreement with those of Tan et al. (25) , who found that omentin is important for glucose metabolism. When omentin-1 levels were compared between control and PCOS subjects in the NGR and IGR groups, significant differences were observed in the NGR group between PCOS and control subjects, both before and after controlling for age and BMI. However, differences in omentin-1 level according to PCOS status were not significant in the IGR group. We speculate that factors other than BMI, IR, and the degree of glucose intolerance may influence circulating omentin-1 level in women with PCOS, especially in non-obese women with NGT. In this study, we found that increased free testosterone levels accompanied decreased plasma omentin-1 level. Given the higher concentration of circulating androgens common in PCOS subjects and the negative correlation between omentin-1 and androgen levels in the second study cohort, we propose androgen concentration as one of the most influential factors contributing to reduced omentin-1 level in women with PCOS. Batista et al. (14) reported increased omentin-1 concentrations in lean women compared with those in lean men in a genetically homogeneous population, supporting the knowledge that many adipokines exhibit sexual dimorphism. Additionally, androgens are reported to promote central adiposity and visceral adipose deposition and to exert direct effects on adipocytes in females (26, 27) . It is interesting to note that the associations of omentin-1 level with metabolic variables were similar to those described for adiponectin, suggesting common insulin-sensitizing activities (14, 18) .
In agreement with previous reports, circulating total plasma adiponectin levels were positively correlated with plasma omentin-1 values in this study. The inverse relationships between obesity and both omentin and adiponectin suggest similar regulations for these proteins. In PCOS subjects, O'Connor et al. (28) suggested that the combined effects of waist-hip ratio (WHR) and free testosterone level demonstrated influences on adiponectin levels independent of BMI and IR. This group also found that increased expression of androgen receptor mRNA in subcutaneous adipose tissue obtained from women with PCOS supported the possibility that increased androgens could influence the adipocyte function in these groups. Although androgens may not be the principal factor in regulation of omentin-1, they may contribute to decreased omentin-1 levels in women with PCOS. We speculate that decreased omentin-1 level may influence obesity and IR in women with PCOS. Because this was a crosssectional study, the cause-and-effect relationship between omentin-1 and androgen levels cannot be determined. Prospective studies are needed to clarify this relationship.
A limitation of this study is that body fat distribution or WHR, which is known to reflect the visceral adiposity, was not evaluated. It has been suggested that differences in adipose tissue distribution may influence the secretion of adipokines (11, 29) , BMI may be a relatively insensitive index of the distribution of adipose mass, and omentin is an adipokine preferentially expressed in visceral adipose tissue. This study did not address adipose tissue deposition patterns in the study subjects; it is possible that these differences may influence the study conclusions. Another limitation is that, since the data for the normal omentin levels in thin, normal weight women in their reproductive age in the literature were not sufficient or appropriate to use as the reference (30, 31), we could not determine whether the omentin levels in control subjects in our study are appropriate or not, neither are the omentin levels in PCOS patients. However, as these Free testosterone (pg/ml) Quartiles of free testosterone Figure 3 Relationship between plasma omentin-1 levels and free testosterone in NW and NGT women. Association between free testosterone and plasma omentin-1 (A). Omentin-1 across quartiles of free testosterone (B). Data are mean values. P value for quartiles of free testosterone between the four groups was determined by one-way ANOVA using the Tukey test (PZ0.028).
analyses were compared between those with and without PCOS, we could assume our results as an additive data for the omentin levels in women in their reproductive age.
In conclusion, postprandial hyperinsulinemia and hyperglycemia contribute more to reduced omentin-1 level in PCOS subjects than do the fasting values. Although omentin-1 is an adipokine closely associated with obesity, IR, and glucose metabolism, androgen levels also demonstrated significant interactions with decreased omentin-1 level in PCOS subjects. Based on these results, we suggest that the regulation of omentin-1 production in adipose tissue is multi-factorial, and reduced omentin-1 and increased androgen levels in PCOS may contribute to the pathogenesis of IR and obesity in the setting of this disease. Further investigation is needed to further elucidate mechanisms underlying regulation of omentin-1 and to determine whether a decreased omentin-1 level can serve as a marker for the development of diabetes and obesity in PCOS.
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